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AbstrAct
Purpose: Hard nanocomposite nc-TiN/a-SiN films exhibit very attractive mechanical, tribological, optical and 
electronic properties related to their microstructure and chemical bonding.
Design/methodology/approach: In the present work, we investigate ternary thin film TiSiN systems deposited 
by plasma assisted reactive pulsed magnetron sputtering (PARPMS) from titanium and silicon targets. PARPMS 
allows  one  to  effectively  control  ion  bombardment  by  reactive  species  (e.g.,  N2  +,  N+)  on  the  surface  of 
the growing film by varying the bias voltage (VB) induced by a radiofrequency (RF) power applied to the 
substrate.
Findings: RF biasing without additional heating of the substrate promotes formation of crystals within the 
nc films. Specifically, (111) crystal orientation at low VB (- 50 V) changed into (200) when VB was increased 
above - 600 V. At the same time, hardness (H) and reduced Young’s modulus (Er) of the films changed from   
H ~ 10 GPa and Er ~ 135 GPa to their maximum values of H ~ 25 GPa and Er  ~ 248 GPa at VB = - 600 V. For 
comparison, for films deposited at 300ºC and VB = - 200 V, the maximum values of H and Er of ~ 35 GPa and 
~ 350 GPa were observed.
Practical  implications:  The  use  of  the  PARPMS  to  effectively  control  the  mechanical  properties  and 
microstructure of transition metal nitride systems films.
Originality/value: Discussion of evolution of the film microstructure (crystal size and orientation) at constant 
film composition and relate it with the energetic aspects of the film growth and film characteristics.
Keywords: Mechanical properties; Microstructure; Film growth; Hard nanocomposite films; Transition metal 
nitride systems; Pulse magnetron sputtering; Ion bombardment
Reference to this paper should be given in the following way: 
M. Dudek, O. Zabeida, J.E. Klemberg-Sapieha, L. Martinu, Effect of substrate bias on the microstructure 
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1. Introduction 
 
 
Binary and ternary phases, belonging to the transition metal 
nitride (MeN) systems, have been extensively studied for wear-
resistant  and  protective  coating.  Recently,  much  attention  has 
been paid to Si containing films such as TiSiN, CrSiN, and other 
films  systems  [1-10].  These  films  have  significantly  better 
mechanical characteristics and oxidation resistance compared to 
those without Si [11, 12]. The popular out of these films is TiSiN 
coating,  which permit  to  obtain  films  with  hardness  few  times 
higher than typical TiN films. For example Veprek [9] reported 
the  preparation  of  (Ti,  Si)N  nanocomposite  films  by  chemical 
vapour  deposition  (CVD)  method  with  hardness  exceeding 
70 GPa. Two main mechanisms have been proposed to explain 
the  hardening  observed  for  adding  only  a  small  amount  of  Si 
(typically, 1-6 at.%) to MeN system. The first model starting that 
the nanocomposite systems are formed by small, nanometre size 
grains embedded in the matrix of polycrystalline or amorphous 
materials  [13,  14].  However  the  second  mechanism  attributes 
hardening  to  the  solid  solution  effect,  where  Me  atoms  are 
substituted by Si atoms in the MeN lattice [10, 15]. 
The  properties  of  MeSiN  system  films  are  found  to  be 
sensitive  to  growth  conditions  and  hence  many  different 
deposition methods have been employed to produce high quality 
materials;  this  includes  reactive  evaporation,  ion  beam  assisted 
deposition,  spray  pyrolysis,  chemical  vapour  deposition  and 
magnetron sputtering (MS) [7, 8, 9, 16, 17, 18, 19]. Amongst the 
different techniques available, the magnetron sputtering method is 
most widely accepted due to good reproducibility and high film 
quality. 
The most frequently applied parameters to improve properties 
of  sputtered  films  is  increased  substrate  temperature.  The 
substrate temperature can be replaced by substrate biasing (VB) 
during the film growth [20, 21]. Both temperature and biasing has 
led to increase adatom mobility during deposition. Use of mid-
frequency  pulsing  (usually  about  hundreds  of  kHz)  of  DC 
magnetron  discharge  (pulse  magnetron  sputtering,  PMS)  is 
another, relatively new way to control the microstructure of films 
[22].  This  method  was  successfully  implemented  for  the 
deposition  of  AlN,  TiO2  and  other  films  [22,  23,  24,  25]. 
Improvement of film structure and density by pulsing was found 
for all films, as well as stabilization of the deposition process and 
significant  reduction  of  arcing at the  target  were  the  results  in 
applying a short positive pulsing to the target.  
In the present study, we fabricate TiSiN films system using 
plasma assisted reactive pulsed magnetron sputtering (PARPMS) 
technique,  while  creating  an  additional  radio  frequency  (RF) 
discharge in the vicinity of the substrate, with the aim to induce 
ion  bombardment  of  the  growing  layers,  leading  to  structural 
changes  and  the  improvement  of  their  characteristics.  We 
evaluated the effect of VB at substantially higher values (up to 
VB = - 600 V) compared to those used by previous authors [7, 8, 
26].  The  microstructure  of  the  films  was  determined  by  X-ray 
diffraction  (XRD).  The  mechanical  properties  including 
nanohardness and Young's modulus were examined. 
2. Experimental 
 
 
Silicon doped TiN films were deposited by reactive pulse DC 
magnetron co-spattering titanium and silicon (50 mm diameter) 
targets  inclined  at  20
o  with  respect  to  the  normal  of  rotating 
substrate holder (150 mm diameter). The target-substrate distance 
was about 100 mm (Fig. 1). 
The base pressure in the chamber was lower than 1.3 10
-5 Pa, 
while total pressure of N2 and Ar was 1.0 Pa corresponding to a 
flow  of  Ar  and  N2  of  16  and  0.7  sccm,  respectively.  The  Si 
content in the films was varied by changing the applied power on 
Si target (PSi) from 50 to 150 W, while maintaining the Ti target 
power (PTi) at 380 W. The magnetrons were powered from the 
Pinnacle Plus (Advanced Energy, Inc.) power supply. During the 
deposition  the  pulsing  frequency  (fp)  was  in  the  range  
50 - 300 kHz  with  a  duty  cycle  (Dc)  in  the  range  50  –  90%. 
Negative  self-bias  voltage,  VB,  was  controlled  by  the  RF 
(13.56 MHz) power applied to the substrate holder and changing 
from 0 to 600 V. The films were deposited on silicon substrate at 
room temperature and at temperature of 300 
oC controlled using a 
spiral-shaped  tubular  resistive  heater.  Optical  emission  spectra 
(OES) from magnetron and RF discharge were monitored during 
deposition using the optical emission spectrometer Ocean Optics. 
 
 
 
Fig. 1. Schemes of the deposition system 
 
Film microstructure was determined by grazing angle X-ray 
diffraction  (XRD,  Philips  X’pert  diffractometer)  at  room 
temperature with an angle of incidence of 0.5º. The XRD patterns 
were  recorded  using  Cu-KD  (1.5406Å)  radiation  at  50  kV  and 
40 mA. The diffraction angle was scanned between 20º and 90º, 
and  a  divergence  slit  of  1º  was  used  to  obtain  strong  enough 
signal for relatively short acquisition times.  
Film  thickness was  measured  by  step  profilometry  (Dektak 
stylus profiler). 
The mechanical properties such as hardness (H) and Young’s 
modulus (Er) were determined from the load-displacement curves 
(from 20 indentations) measured by a depth-sensing indentation 
system  (Triboindenter,  Hysitron,  Inc.),  using  the  approach  of 
Oliver and Pharr [27]. 
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3. Results 
 
 
In  the  first  part  of  this  work,  we  studied  the  effect  of 
increasing  PSi  on  hardness  of  TiSiN  films.  Several  deposition 
processes were performed at various frequencies and duty cycles 
showed that maximum of H is obtained at PSi ~ 100 W. Figure 2 
shows  the  H  and  Er  for  films  deposited  at  Ts  =  300 
oC,  
VB = - 200 V, PTi = 380 W, fp = 300 kHz, Dc = 88% for both Ti 
and  Si  target  as  function  of  PSi.  We  observe  maximum  of  
H ~ 35 GPa and Er ~ 350 GPa at PSi = 100 W, which is almost 
four times lower power supplied to silicon that to titanium target 
allowed to obtain maximal hardness of deposited films.  
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Fig. 2. Effect of PSi on H and Er of TiSiN films (Ts = 300 
oC, 
VB = - 200 V, P Ti = 380 W, fp = 300 kHz, Dc = 88% for both 
Ti and Si target) 
 
 
Figure  3  shows  XRD  patterns  of  PARPMS  TiSiN  films 
deposited under various PSi with previously indicated condition. It 
shows characteristic diffraction pattern of pure TiN, with (111) 
and (200) principal orientations, and small peaks due to (220), 
(311) and (222) orientations. All TiN peaks appear on the low 
angle side of the strain-free reference material (JCPDS powder 
diffraction  database),  indicating  presence  of  the  compressive 
stress in the coating. Addition of Si exhibits very similar XRD 
patterns. The grain size of the films changed from D111 = 11.7 nm 
and D200 = 10.7 nm at PSi = 0 W to values of D111 = 11.4 nm and 
D200 = 9.3 nm at PSi = 100 W. This indicates that the crystals 
become ‘diluted’ (increased separation) with Si co-sputtering and 
we observe increase of hardness from ~ 22 to ~ 34 GPa.  
Further increase of Si contents leads to reduction of grain size 
and change crystal orientation of TiSiN films. It is interesting that 
at PSi > 150 W intensity of (200) peaks decreased to a very low 
value  close  to  zero.  Simultaneously,  at  higher  Si  content 
broadening the (111) and (200) peaks is observed. It is a sign of 
increase in the amount of Si atoms substituting Ti atoms in the 
TiN1-x lattice, and thus, increase of the Si3N4 phase fraction. 
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Fig.  3.  XRD  patterns  of  TiSiN  films  deposited  at  various  PSi 
(Ts = 300 
oC, VB = - 200 V, PTi = 380 W, fp = 300 kHz, Dc = 88% 
for both Ti and Si target) 
 
Effect  of  fp  and  Dc  on  microstructure  and  mechanical 
properties  was  also  investigated.  For    fixed  pulsed  parameters 
applying to Ti target (PTi = 380 W, fp = 300 kHz and Dc = 88%) 
and  optimal  PSi  =  100  W,  H  and  Er  of  TiSiN  films  were 
independent  on  pulsing  parameters  applied  to  Si  target,  and 
achieve  values  of  H  ~  35  GPa  and  Er    ~  350  GPa.  When 
decreasing  fp  applied  to  Ti  target  from  300  kHz  to  50  kHz 
(Dc = 90%)  the  value  of  H  and  Er  drop  to  ~ 17  GPa  and 
~ 250 GPa. We do not observe significant effect on H and Er by 
changing  VB
  (Fig.  4).  To  understand  this  effect  we  repeat  this 
experiment for films deposited at room temperature.  
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Fig. 4. Effect of VB on H and Er (PTi = 380 W, PSi = 100 W, 
Ts = 300 
oC, fp = 50 kHz, Dc = 90% for both Ti and Si target) 
 
The effect of the substrate biasing VB on H and Er of films 
deposited  at  room  temperature  (PTi = 380  W,  PSi  =  100  W, 
fp = 50 kHz,  Dc  =  90%  for  both  Ti  and  Si  target)  is  shown  in 
Fig. 5. Increasing the negative substrate bias from 0 to VB = - 600 
V caused a steady increase of H from 10 GPa to ~ 25 GPa and Er 
3.   results
 
from 130 GPa to about 248 GPa. The main reason for low H value 
is low deposition temperature [4, 5, 8, 14, 15].  
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Fig. 5. H and Er vs. VB for films deposited at room temperature 
(PTi = 380 W, PSi = 100 W, fp = 50 kHz, Dc = 90% for both Ti 
and Si target) 
 
 
XRD patterns for the sample deposited at various substrate 
biases is shown in Fig. 6. As expected, the film deposited without 
bias is amorphous. Three small peaks observed in spectra can be 
attributed to silicon substrate. At low substrate bias we observe 
(111)  and  (200)  peaks.  With  increasing  bias  intensity  of  those 
peaks changes, and at VB = - 300 V we can observed in addition 
the change of (111) orientation onto (200), which is symptomatic 
of densification of TiN-containing films, observed under intense 
ion bombardment [16, 17]. 
Thin films deposited at VB = 0 V at the absence of the ion 
bombardment and the low deposition temperature do not provide 
the necessary mobility to stimulate grain growth and  renucleation 
processes  necessary  to  deposit  hard  nanocomposite  films  [1], 
what was confirmed by [7,8,18].  
By increasing VB we observe increase in intensity of (111) and 
(200)  peaks  at  Fig.  6.  This  can  be  related  to  formation  of 
Ti1-xSixNy phase, prior described by Vaz et al. [7, 8], where some 
of the Si atoms occupied Ti position in the fcc TiN lattice. Farther 
increase  of  VB  cause  increase  of  (200)  peak  intensity  at  the 
expense  of  (111)  peak,  leading  to  formation  of  TiN 
polycrystalline  grains  embedded  in  amorphous  silicon  nitride 
tissue.  
Estimated  the  films  crystal  size  using  the  Debye-Sherrer 
equation  (Fig.  7)  shows  that  these  value  at  (200)  crystal 
orientation  steady  increase  achieving  maximum  5.6  nm  crystal 
size at VB = - 500 V, at which the (111) crystal orientation is 
minimal. This may be due to stopping grain growth as the result 
of  phase  segregation  between  the  crystalline  and  amorphous 
materials [18]. The H of the TiSiN film with that crystal size and 
orientation is the biggest ~ 22 GPa. 
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Fig. 6. XRD patterns of TiSiN films deposited at various VB 
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Fig. 7. Effect of VB on films crystal size estimated at (111) and 
(200) orientation 
 
The  RF  glow  discharge  in  the  vicinity  of  the  substrate 
strongly influence sputtering process and characteristic of the TiN 
films  doped  by  silicon.  Improvement  in  film  mechanical 
properties is not primarily due to a substrate heating effect, but an 
increased  flux  of  atomic  nitrogen  and  sputtering  atoms  to  the 
growing surface.  
Analysis  of  optical  emission  spectra  (not  shown  here) 
performed during the film grow process shows that intensity of Ti 
lines  increase  steady  with  VB.  However,  intensity  of  N  line 
(336.734  nm)  initially  increases  VB,  achieving  maximum  at  419
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Fig. 4. Effect of VB on H and Er (PTi = 380 W, PSi = 100 W, 
Ts = 300 
oC, fp = 50 kHz, Dc = 90% for both Ti and Si target) 
 
The effect of the substrate biasing VB on H and Er of films 
deposited  at  room  temperature  (PTi = 380  W,  PSi  =  100  W, 
fp = 50 kHz,  Dc  =  90%  for  both  Ti  and  Si  target)  is  shown  in 
Fig. 5. Increasing the negative substrate bias from 0 to VB = - 600 
V caused a steady increase of H from 10 GPa to ~ 25 GPa and Er 
 
from 130 GPa to about 248 GPa. The main reason for low H value 
is low deposition temperature [4, 5, 8, 14, 15].  
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Fig. 5. H and Er vs. VB for films deposited at room temperature 
(PTi = 380 W, PSi = 100 W, fp = 50 kHz, Dc = 90% for both Ti 
and Si target) 
 
 
XRD patterns for the sample deposited at various substrate 
biases is shown in Fig. 6. As expected, the film deposited without 
bias is amorphous. Three small peaks observed in spectra can be 
attributed to silicon substrate. At low substrate bias we observe 
(111)  and  (200)  peaks.  With  increasing  bias  intensity  of  those 
peaks changes, and at VB = - 300 V we can observed in addition 
the change of (111) orientation onto (200), which is symptomatic 
of densification of TiN-containing films, observed under intense 
ion bombardment [16, 17]. 
Thin films deposited at VB = 0 V at the absence of the ion 
bombardment and the low deposition temperature do not provide 
the necessary mobility to stimulate grain growth and  renucleation 
processes  necessary  to  deposit  hard  nanocomposite  films  [1], 
what was confirmed by [7,8,18].  
By increasing VB we observe increase in intensity of (111) and 
(200)  peaks  at  Fig.  6.  This  can  be  related  to  formation  of 
Ti1-xSixNy phase, prior described by Vaz et al. [7, 8], where some 
of the Si atoms occupied Ti position in the fcc TiN lattice. Farther 
increase  of  VB  cause  increase  of  (200)  peak  intensity  at  the 
expense  of  (111)  peak,  leading  to  formation  of  TiN 
polycrystalline  grains  embedded  in  amorphous  silicon  nitride 
tissue.  
Estimated  the  films  crystal  size  using  the  Debye-Sherrer 
equation  (Fig.  7)  shows  that  these  value  at  (200)  crystal 
orientation  steady  increase  achieving  maximum  5.6  nm  crystal 
size at VB = - 500 V, at which the (111) crystal orientation is 
minimal. This may be due to stopping grain growth as the result 
of  phase  segregation  between  the  crystalline  and  amorphous 
materials [18]. The H of the TiSiN film with that crystal size and 
orientation is the biggest ~ 22 GPa. 
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Fig. 6. XRD patterns of TiSiN films deposited at various VB 
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Fig. 7. Effect of VB on films crystal size estimated at (111) and 
(200) orientation 
 
The  RF  glow  discharge  in  the  vicinity  of  the  substrate 
strongly influence sputtering process and characteristic of the TiN 
films  doped  by  silicon.  Improvement  in  film  mechanical 
properties is not primarily due to a substrate heating effect, but an 
increased  flux  of  atomic  nitrogen  and  sputtering  atoms  to  the 
growing surface.  
Analysis  of  optical  emission  spectra  (not  shown  here) 
performed during the film grow process shows that intensity of Ti 
lines  increase  steady  with  VB.  However,  intensity  of  N  line 
(336.734  nm)  initially  increases  VB,  achieving  maximum  at  Research paper 420
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VB  =  -  500  V,  and  then  slowly  decrease.  This  behaviour  is 
symptomatic changing the crystallographic structure, increase of 
(200) peak intensity and completed disappear grain size of (111) 
crystal orientation. The quenching of N species at higher substrate 
bias is not well understood. It may probably be due to decrease of 
the mean free path of N atoms. Nevertheless, higher intensity of 
336.734 nm nitrogen line observed at high bias can be considered 
as additional source of reactive atoms leading to more efficient 
nitrogen  incorporation  and  defect  passivation.  It  is  worth 
mentioning that no optical emission of Si
+ ions was identified, 
which was most probably masked by argon or nitrogen emissions. 
 
 
4. Conclusions 
This  work  has  demonstrated  that  the  presence  of  RF  glow 
discharge at the substrate leads to change of crystal orientation 
and mechanical properties of TiSiN films deposited by reactive 
pulse magnetron sputtering.  
The PARPMS process produces thin films with  the maximum 
values of H and Er of ~ 35 GPa and ~ 350 GPa obtained at 300 
oC 
and  VB  =  -  200  V.  This  result  confirmed  that  higher  frequency 
applied to the target (fp = 300 kHz) and duty cycle 90% are an 
optimal pulse condition for deposition of MeSiN system films [15]. 
In  comparison  with  other  studies,  low  hardness  and  strong 
(111) crystal orientation observed at low VB can be attributed to 
relatively high pressure (1.0 Pa) during growth of titanium nitride 
-  based  films  [28,  29,  30].  Experiments  with  lower  pressure 
during deposition should be performed for better understanding of 
the role of addition of RF glow discharge at the substrate during 
co-sputtering process at room temperature. Particularly, changing 
crystal orientation from (111) onto (200) at VB = - 300 V, which 
indicate  densification  of  TiN  films  under  intense  ion 
bombardment. Finally, it is necessary to emphasize that the effect 
of RF glow discharge at the substrate is strongly correlated with 
substrate temperature.  
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bias is not well understood. It may probably be due to decrease of 
the mean free path of N atoms. Nevertheless, higher intensity of 
336.734 nm nitrogen line observed at high bias can be considered 
as additional source of reactive atoms leading to more efficient 
nitrogen  incorporation  and  defect  passivation.  It  is  worth 
mentioning that no optical emission of Si
+ ions was identified, 
which was most probably masked by argon or nitrogen emissions. 
 
 
4. Conclusions 
This  work  has  demonstrated  that  the  presence  of  RF  glow 
discharge at the substrate leads to change of crystal orientation 
and mechanical properties of TiSiN films deposited by reactive 
pulse magnetron sputtering.  
The PARPMS process produces thin films with  the maximum 
values of H and Er of ~ 35 GPa and ~ 350 GPa obtained at 300 
oC 
and  VB  =  -  200  V.  This  result  confirmed  that  higher  frequency 
applied to the target (fp = 300 kHz) and duty cycle 90% are an 
optimal pulse condition for deposition of MeSiN system films [15]. 
In  comparison  with  other  studies,  low  hardness  and  strong 
(111) crystal orientation observed at low VB can be attributed to 
relatively high pressure (1.0 Pa) during growth of titanium nitride 
-  based  films  [28,  29,  30].  Experiments  with  lower  pressure 
during deposition should be performed for better understanding of 
the role of addition of RF glow discharge at the substrate during 
co-sputtering process at room temperature. Particularly, changing 
crystal orientation from (111) onto (200) at VB = - 300 V, which 
indicate  densification  of  TiN  films  under  intense  ion 
bombardment. Finally, it is necessary to emphasize that the effect 
of RF glow discharge at the substrate is strongly correlated with 
substrate temperature.  
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